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ABSTRACT

Satellites of the Global Positioning System (GPS) can
be used to provide precise position and velocity
information for receivers on the surface. of the Earth, in
aircraft, or in low-Earth orbit, At altitudes above 5000 km,
however, relatively few GPS satellites are visible. Yet
GPS can dtill help provide a precise navigation and
positioning capability, even for Earth orbiters at altitudes
weii above the altitude of the downward broadcasting
GPS satellites. in fact, GPS data can even play an
important calibration role in interplanetary spacecraft
navigation.



This paper discusses error analysis and field tests for
use of GPS technology to provide orbit determination for
satellites at altitudes of 40000-100000 k. An experiment
being carried out by JPL. in late 1993 and early 1994 will
demonstrate how GPS-like tracking can help provide an
operational orbit determination capability for
geosynchronous satellites, such as TDRS. The field
experiment for TDRS tracking utilizes 3 modified GPS
groundreceivers in a small (few-hundred km), local
network. These receivers have been modified to track
carrier phase from TDRS as well as carrier phase and
pseudorange from GPS satellites. This ncw approach
offers a low-cost alternative to more conventional
tracking systems for geosynchronous satellites. For the
TDRS demo, no new space hardware was needed, The
goal for TDHRS is 50-m near-real time accuracy.

For orbit accuracy at the few- meter level at atitudes
up to 100000 km, a more global distribution of hybrid
GYS receivers is needed for tracking the high-Earth
orbiter and the GPS satellites simultaneously, although
only arelatively small number of these special receiversis
required. initial analysis of system performance indicates
meter-level performance should be possible.

New deep space tracking applications of the Global
Positioning System will also be discussed in this paper.
They arc essentialy a variation onthe high-Earth orbiter
tracking technique using a ground GPS receiver which
can track both GPS and non-GPS spacecraft, GPS ground
receivers collocated with the deep space tracking antennas
and refer-cnced to the same oscillator can provide precise,
continuous and timely calibrations for geodetic,
atmospheric, and clock parameters which are critical to
interplanetary navigation. The incorporation of GPS into
NASA’s Deep Space Network offers a number of
significant performance, operational and economical
advantages over systems currently in use to provide these
calibration products.

INTRODUCTION

As originally conceived, the Global Positioning
System (GPS) was designed to provide positioning
accuracy at the several meter level for military real-time
applications, innovative uses of GPS have been developed
recently, however, which go far beyond the original
expectations for GPS as a military navigation tool.
Civilian and scientific uses of GPS have. led to a wide
variety of applications in geodesy, surveying, navigation,
and r-emote sensing, including a cm-level non-real time
positioning capability for receivers on the surface of the
Earth (Blewitt etal. 1992), and several-cm accuracy for
low-Earth satellite orbit determination (Yunck et a.

1993). Such high-precision applications typicaly require
that high-quality clual-frequency GPS data from typically
six or more relatively sophisticated receivers be combined
and processed together in estimationsoftware which
incorporates detailed physical and observation models.
Other less demanding needs can be met with simpler and
inexpensive GPS receivers which provide 50-100 m
position knowledge, Nearly al of these military and
civilian GPS applications involve an upward- looking
geometry where the users' receiving antennas are poi nted
away from the Earth towards GPS satellites which are at
higher altitude. Fig.1 shows an example of this geometry,
with the low-Earth orbiter (Topex/Poseidon) and ground
stations tracking GPS satellites. in this and most other
positioning applications, the GPS receivers on the orbiter
or on the ground are used with antennas with
approximately hemispherical field of view looking away

from the Earth.
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Fig. 1. Upwards looking geometry for low-Earth
orbiter and ground stations tracking GPS satellites.

The Topex/Poseidon satellite carries an ocean
altimeter which isbe ing used to map the oceans’ sur{aces,
measure global ocean circulation, and sense changes in
ocean height. At its altitude --- slightly above 1300 km -
6-8 GPS satellites are typicaly in view at a given time
with the upwards looking hemispherical field of view. At
least 4 GPS satellites are required to enable a
determination of the user position and clock relative to the
GPS constellation. By relying at least partially on
available precise dynamic models, a dynamical fit can be
performed in a sequentia filter using data over at least
several hours and the accuracy of the solution improves
significantly over that achieved from instant point
solutions, Additional accuracy improvement results from
differential elimination of the receiver and transmitter
clocks at each measurement epoch. The differential
solution also removes the effects of selective availability
(SA), which is a clock dither on the GPS transmitters,
While this requires common visibility of at least two GPS
with at least two receivers (Fig. 1), such geometry is
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Fig. 3 Differential GPS tracking. Four simultaneous
measurements of carrier phase () enable removal of
transmitler andreceiver clock offsets. After tracking
for 12-24 hrs, the resultant linear combination of
ranges enables estimation of GPS orbits to the level of
a few tens of em, and of ground coordinates to c¢m-
level accuracy. Theterm R, in the final equation, is a
composite bias term which is easily estimated from ~ 3
hrs of tracking. InGLT, the carrier phase from the
high-Itarth orbiter would also be included and its or bit
similarly estimated.

Fig.3 shows schematically how GI.T relates to
differential GPS tracking. This relationship is discussed at
lengthin Lichtenet a. (1993). In principle. this could be a
powerful technique for orbit determination, since GPS
orbit accuracy is routinely determined at several anaysis
centers to better than 50 cm, and the accuracy of the high-
Larth satellite’'s orbit could, under ideal circumstances,
approach that of the GPS satellites. Fig. 4 shows how
overlapping data arcs of 30 hrs are used to assess orbit
quality at the Jet Propulsion I.aboratory. During a recent

[-week period in December1993, for 25 GPS satellites
the average rins overlap difference was37 cm (RSS three-
dimensional). During that week, the lowest rms was for
PRN 22 (8 cm) while the highest rms was for PRN13
(109 ¢cm).

. 30hrs
b ]
Day 1 E Day 2 Day 3 1
|
30 hrs - = Phrs
[1%1 ephemeris forward Day3 ephemeris backward
computation over 3 hrs RN computation over 3 hrs

Fig. 4 Assessment of GPS orbit quality from daily GPS
precise orbit determination at the Jet Propulsion
1laboratory.

I’here are three possible GPS-compatible signals to
consider: (1) an actual GPS1.-band beacon; (2) a set of
tones which can be tracked in a GPS ground receiver; and
(3)the earl ier phase from telemetry, tracked in a GPS
receiver. Use of an actual GPS beacon (case 1 ) is
probably not feasible due to possible interference with
military operations. A suitably designed beacon (case 2),
however, could transmit a set of tonesat 1.-band which
could be tracked in the GPS receiver with minor
modifications. For example, a GPS receiver which
ordinarily tracks 8 GPS satellites could be meodified to
track 7 GPS satellites and tones from one other satellite.
With anadequate bandwidth separating the tones,
ambiguities could be resolved anti a cm-levelquality
range measurement could be possible. Case 2 would in
generalrequire placing a new beacon on the user sateilite.
The third approach, tracking carrier phase from the user
satellite, would be subject to any limitations onthe
availability crf the current carrier signals from the
spacecraft. As in case 2, GPS ground receivers could be
modified to enable simultaneous tracking of GPS anti the
non-GPS signals. For either case 2 or 3, the beacon need
not be at the GPS |.-band frequency; a simple
dowrrconversion to |.-band would be used prior to feeding
the non-GPS signal to the GPS ground receiver (Fig.5).

in the next section, a covariance analysis will be
presented to discuss the potential for case 2, where a
beacon is placed on the user satellite to broadcast ranging
tones. in the section following, an example of case 3 will
be discussed - tracking geosynchronous TDRS satellites
withsmall GPS ground terminals. An experiment for
tracking TDRS with GPS ground receivers will be
described. Three GPS receivers have been modified at
JP1.to enable reception of the Ku-band carrier phase from
TDRS satellites (Fig. 5). The TDRS/GPS experiment
began in iate January 1994. The use of GI'S calibration
measurements to support deep space navigation will aiso
be explained,including description of a prototype system
developed at JP1. for providing such support for NASA



interplanetary missions. Sample calibrations from the
GPS tracking system will be shown and implications
discussed. The final section of the paper summarizes the
implications of the use of GPS for high-Earth and deep
space applications.
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Fig. 5 Schematic for a modified GPS ground receiver
to simultaneously track a high-Earth orbiter along
with G1'S satellites, For a satellite such as TDRS which
broadcasts at frequencies outside the GPS l.-band
(1.2- 1.6 GHz), a small separate antenna with a
downconverter would be added to the GPS ground
instrument,

GPS-LIKE TRACKING: SPACECRAFT TONES

The use of small ground antennas and GPS receivers
for tone-tracking of high-Karth/elliptical orbiters could
potentially free up significant amounts of tracking time on
larger and more expensive antennas ordinarily used to
provide navigation and orbit determination, This is
especially true at NASA’s three deep space network
(DSN) complexes, where tracking time is often scarce.
The accuracy of the. combined high-Earth and GPS
tracking system may aso be superior to that available
from other more conventional methods. POINTS
(2'recision Optical INTerferometer in Space) is an optical
astrometric mission for identification and characterization
of planetary systems around other stars in the solar
neighborhood (Schumaker et a. 1991 ). This mission,
presently in the planning stages, requires velocity
determination to an accuracy of 0,5 mm/s (Ulvested 1997,
Haines and 1.ichten 1992). Conventional NASA tracking
systems are expected to result in orbit errors 1-2 orders of
magnitude higher than this (Iistefan 1991). However JP1,’s
daily GPS orbit formal errors are at the level of O. 1mm/s.
If POINTS were to broadcast a suitable signal tobe
tracked in GPS ground receivers, the G PS-like tracking
beacon scenario for the POINTS orbit determination
problem might be a viable approach.

Table 2. Fstimation Strategy {or GPS/POINTS
analysis

Data Noise (30 minute observations)

GPS earlier phase lcm
GPS P-code pseudorange 30 cm
POINTS: Ku-band beacon case

pseudorange (tones) 5c¢m

random Noise over 1 min

systematic measurement error 30 cm/12 hr

A-priori for estimated parameters

POINTS position (X, Y, Z)5km
POINTS velocity (X, Y, 7) 50 m/s
GPS position (X, Y, Z) | 00 m
GPS velocity (X, Y, 7) 1m/s
GPS solar radiation pressure 259’r2
GPS y-bias 107
GPS carrier phase biases 1s
GE’S/POINTS/station clock errors 1 s white noise
Zenith troposphere 40 cm a-priori
+5 cm/\/day
random walk

m/s?‘

“Consider” parameters (not estimated, treated as
systematic errors)

POINTS solar radiation pressure 2 %

Polar motion (X, Y) scm

Geocenter location (X, Y, 7) 5c¢m

Earth rotation (UT 1- UTC) (). Lmsec

Station locations (X, Y, Z) 1cm

Farth gravitational constant 1 part per billion
Geopotential field (lumped) 25% GEM-10 - GEM-1.2

A covariance analysis (see l.ichtenet al. 1993) was
preformed for a nearly circular orbit at high altitude
( 100000 km).For a G} 'S-like beacon on the POINTS
spacecraft, we assumed a series of tones would be
broadcast at Ku-band with a 100 MHz bandwidth. These
tones would be spaced so that an equivalent one-way
range datatype would be produced with 5 cm data noise
over 1 minute. averaging interval. A larger source of
measurement nhoise results from electronic delays
associated with the separate front end which wouldbe
attached to the GPS ground receivers (Fig.5)to enable
reception of the POINTS signals. We assumed that these
delays would be slowly varying, and represented them in
the filter as 1st order Gauss Markav process noise with
amplitude 30 cm and 12-hr time constant. Each of the. six
ground receivers would therefore be tracking up to 7 GPS
satellites at once plus POINTS (instead of the usual 8 GPS
satellites at once),

A simulated data set was fit over a 4-day interval (one
I'OINTS orbital period). The estimationand filtering
strategy was selected to be nearly identical to that used at




J'], foractual GPS data processing, with the exception
that POINTS was included as well. Table 2 shows
assumptions of the analysis, which includes systematic
etrorcontributions from POINTS solar radia ion pressure
mismodeling, Earth orientation, relative station locations,
and gravity. Fig. 6 shows the expected orbit velocity and
position errors for POINTS.
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Fig. 6a. Orbit determination for POINTS with 6
ground sites and GI’S-like tracking. More than 80% of
the orbit errorisdue to data noise and measurement
coverage, with only small contributions from the
systematic (consider) errors listed in Table 2. Velocity
errors arc shown for tracking interval of dlightly less
than 4 days and also prediction interval of 6 days.
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Fig. 6b. Position errors anticipated for POINTS
corresponding to velocity errorsin Fig. 6a.

Due to operational constraints of the POINTS
mission, in this analysis, tracking was assumed to be
available only 25% of the time. This limited tracking
scenario accounts for the possibility that the spacecraft
couldbe turned in such a way that the beacon would be
pointing away from liarth,depending on where the

astronomical sources were located in the sky**. Fig. 6
shows that the POINTS solution isrobustand, based on
out assumptions about capability to model forces on the
satellite, can be predicted severa days in advance without
serious degradation of accuracy,

in summary, a high Earth orbiter (such as POINTS)
can in principle be tracked to several-meterlevel position
accuracy and velocity accuracy of O, Imm/s if equipped
with a GPS-like beacon at Ku-band and tracked fromat
least 6 modified GGPS ground receivers which have been
retrofitted so that the data from the high FEarth et-biter and
GPS satellites can be processed simultancously. For
frequencies other than Ku-band, performance may vary
dlightly since the ionosphere delay calibration from the
GPS1.1and 1,2 signals will have some crror and this will
be more important at lower frequencies.

GPS-LIKE TRACKING: TDRS DEMONSTRATION

In late 1992, a preliminary study of new technologies
for tracking geosynchronous satellites, specifically the
Tracking and Data Relay Satellites (TDRS), was initiated
atJ}’], in the DSN Advanced Systems Program, at the
request of the NASA sponsor (Haineset al. 1992; Nandi
et al. 1992). At the conclusionof the study, NASA
decided to sponsor a small demonstration experiment for
tracking TDRS. The experiment utilizes three ground
terminals, each of which includes a GPS TurboRogue
ground receiver. These GPS receivers have been modified
atJPI, so that they can track 7 GPS (carrier phase and
pscudorange) satellites + 1TDRS (carrier phase)
simultaneously (Fig. 5). Initially it was planned to deploy
the three ground terminals within approximately 100 km
of White Sands, New Mexico. The small network size is
necessitated by the small TDRS footprint at White Sands,
and of fers a number of operational advantages as well.In
most cases, carrier phase tracking would enable a
complete orbit solution to be determined; however
because TDRS satellites arc geostationary, carrier phase
by itself provides a very weak determination of the
longitude orbit component. A small amount of two-way
r ange data (such data are regularly collected at White
Sands) would be. adequate to determine the longitude
orbital component provided the 2-way range data were
precise enough. Fig. 7 includes a schematic of the
experiment as originally conceived, and a plot showing
auticipated orbit determination accuracy as a function of

* ¥ Since that analysis was completed, however, a new
spacecraft design has been developed which allows for
placement of two beacon transmitter antennas on
opposite sides of the spacecraft so that coverage of the
Farth is possible more than 75% of the time (ref).



two-way range precision, The eventua goal is to show
that the system could meet a 50-m operation] orbit
determination requirement, with 2-hr deliveryafter a
mancuver. In the context of the POINTS covariance
analysis, it should be noted that if a geosynchronous
satellite were equipped with the type of beacon assumed
for POINTS, the expected orbit accuracy from a global
tracking network from G1.,1 would be about 3 m. In the
case of TDRS, however, existing signa structure and the
limited ground footprint put constraints on the
performance. The expectation that only the earlier phase
variations would be tracked in the GPS receivers (instead
of ranging signals), and the small footprint near White
Sands, arc expected to lead to orbit determination about a
factor of ten less accurate. The TDRS experiment was
originally conceived as shown in Fig.7; however, the
actual baseline legngths are approximately 1000 km and
300 km, which should result in higher accuracy than for
the case of 1 00x100 km.

There are a number of advantages to using GPS
groundreceivers in this type of tracking configuration,
Iirst, GPS receivers provide precise troposphere and
ionosphere calibrations at each site, Second, GPS
receivers provide cm-level ground site coordinates and
global GPS tracking data enable other extremely accurate
geodetic calibrations, inducting Earth orientation. Third,
GPS ground receivers enable nanosecond-level inter-site
clock time transfer so that precise measurement of
differential carrier phase data can provide orbit
determination even over relatively short baselines. Other
advantages include the ease of maintenance of
commercial GPS receivers and highly automated data
processing systems already in place to handle data from
GPS receivers. 10 JPL's routine processing system,
retricval of GPS data from nearly 50 sites worldwide is
accomplished in about one-half a day; data processing and
parameter estimation can take 6-12 hrs of time on a small
(super-mini) computer. For a 3-station network dedicated
to TDRS, total data processing time could be reduced to a
fcw hrs provided that GPS orbital ephemerides were
propagated forwards from the previous day's solution.
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The present-day stat us of the TDRS/GPS
demonstration experiment is that data collection was
scheduledtotake place between January 17-24 1994. One
ground terminal was deployed at J)'l., which is well
outside the TDRS footprint, after initial ground tests
showed that the TIDDRS carrier phase could be easily
tracked there since JP’1. happens to lie in the firstsidelobe
of the TDRS transmitter antenna pattern. The longer
baselincto J} 1, should strengthen the orbit determination.
Fig. 8 shows the initial detection of the TDRS earlier
signalfrom the roof of a building atJPI. with the GPS
receiver. More detailed results and a complete discussion
of the TDRS/GPS tracking, experiment will be presented
in afuture paper.

GPSDEEP SPACE TRACKING CAlL,1IIRA’I"1ONS

The roleof ground (Earth) based GPS tracking in deep
space (interplanetary) navigation can he envisioned as a
logical extension of the use of GPS-like tracking for high-
Farth satellite orbit determination. In the TDRS/GPS
demo, a small horn antenna a few inches in diameter was
used side by side with the usual GI’'S omni (hemispherical
view) antenna, and the outputs of the two antennas are
combined. For deep space tracking, a larger collection
areais often needed, not only clue to the weakness of the
signal, but also for the telemetry capacity. A GPS ground
receiver could still be used in conjunction with the largest
(70-meter) deep space tracking antennas. This, in fact,
was done several years agoto track spacecraft at Venus.
Several tone trackers based on GPS receiver boards are
currently being used experimentally at two of the DSN
stations, The more common situation, at least a the
present time, however, has the deep space tracking system
“separate from the GPS ground receiver, Nonetheless, co-
location of the GPS ground receiver at the deep space
tracking site provides nearly all the benefits of GI.T when
the GPS receiver is linked to the same clock and
frequency standard (a hydrogen maser at the DSN sites)
which is used for the deep space tracking. The main
difference is that the time transfer is more difficult with
deep space tracking case since al cable and electronic
delays between the GPS ground terminal and the separate,
larger (and more complicated) deep space tracking systern
must be calibrated. The geodetic and atmospheric
calibrations from GPS are still available, and in fact
assume even greater importance for deep space tracking
cent-igurations.
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Fig. 9. GPS estimation of change in Earth's pole
relative to the Earth’s crust — polar motion — with
high-resolution to show effects of oceanic tides (Dickey
and Feissel 1994). The tidal effect is about § cm over a
day and is confirmed to better than 1 cm with wry
long baseline interferometry (V1 .B1), a radio telescope
astrometric technique.
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Fig.10. High-accuracy relative clock measurements
between two DSN sites in California and Australia
from continuous GPS tracking. GI'S measurements
are accurate to better than 1 nsec/day, and individual
clock offset estimates (every 5 min from GPS) show
internal scatter of a few tenths of nsec.

A prototype GPS calibration system was developed at
JPI. which utilizes data from a global network of ground
sites, The calibrations to be provided include: troposphere
and ionosphere path delays; Earth rotation and polar
motion variations, station coordinates; and time transfer.
The accuracy goals for all these calibrations are at the few
cm-level, with the exception of the clock sync for which 1
nscc is the target. Initial results from the prototype GPS
calibration system are shown in Figs. 9-11. Wheo made
operational, such a calibration system could eventually




support a deep space navigation capability between 10
and SO nanoradians angular accuracy, depending on the
level of other systematic errors in the deep space data.
The GPS-based calibration system is expected to be very
valuable for the DSN since most of these calibrations are
either presently determined less accurately when non-GPS
techniques are employed, or (as in the case for Earth
orientation) require scheduling of quasar observations
with the largest (and most expensive) of the deep space
antennas, thereby deer-casing available antenna time for
tracking spacecraft,
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Fig.11.Zenithtroposphere delays at the 3 NASA DSN
sites measured with GPS.Width of lines indicates

precision of GPS estimates (+/-106), better than 1 cm
most of the time.

CONCLUSIONS

GPS-like tracking (GI1.T) offers a new way to track
high-Farth and interplanetary spacecraft. GI.T for Barth
orbiters relies on a severa ground GPS receivers which
are modified to simultaneously track GPS satellites and
one or more specific non-GPS satellites. Covariance
analyses predict that even at 100000 km atitude, orbit
accuracy of a few meters should be possible with GI.7T

and an appropriate system design. A 1994 demonstration
experiment for tracking TDRS differential carrier phase
with ground GPS receivers is the first step towards
development of a GL.'T system for geosynchronous
orbiters. In the case of TDRS, 50-m accuracy is the goal;
the accuracy is limited primarily by various constraints
arising from the TDRS signal characteristics. Yor deep
space applications, the GLT configuration may be
modified to include a large deep space tracking antenna
system. The advantages of incorporating, GPS ground

observations for geodetic, clock, and atmospheric
calibrations for deep space tracking are improved
efficiency and better accuracy. A prototype G1'S-based
calibration systemn for deep space tracking has shown that
the. concept is indeed feasible.
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